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a b s t r a c t

Human error contributes to one of the major causes of the prevalence of drinking water contamination
incidents. It has, however, attracted insufficient attention in the cleaner production management com-
munity. This paper analyzes human error appearing in each stage of the gestation of 40 drinking water
incidents and their causes, proposes resilience-based mechanisms and tools within three groups: con-
sumers, drinking water companies, and policy regulators. The mechanism analysis involves concepts and
ideas from behavioral science, organizational culture, and incentive analysis. Determinants for realizing
cleaner drinking water system are identified. Future efforts and direction for embedding resilience into
drinking water risk management are suggested. This paper contributes to identifying a framework and
determinants of resilience-oriented management mechanisms for cleaner drinking water supply, and, is
essential for ensuring the successful practice of managing drinking water contamination risks. It har-
monizes the two fields of risk management and resilience thinking, and provides a new insight for
implementing effective actions in drinking water-related sectors.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The drinking water utility is a typical sector that needs cleaner
production. Providing wholesome, affordable and safe drinking
water that has the trust of customers should be the overarching
goal of the drinking water utility sector (AWWA et al., 2001; IWA,
2004). Therefore, drinking water utility sector is special in need
of cleaner production. Interruption of water supply or deterioration
of drinking water quality often leads to immense negative impact
on people’s daily living (Jalba et al., 2010). Riskmanagement for safe
drinking water is receiving increasing attention partly because
drinking water disease outbreaks have been causing serious losses.
Chang et al. (2012) pointed out that drinking water utilities are
inherently vulnerable to contamination incidents caused by routine
operations, and accordingly, proposed to develop modern concepts
and approaches to risk management for these utilities. The expe-
rience of the past few decades has shown that it is not enough to
merely rely on treated water compliance monitoring to ensure safe
drinking water. The water sector is experiencing a significant shift

in the approach from ad hoc approaches to one that increasingly
manages risk explicitly and broadly (MacGillivray et al., 2007).
“Process optimization, monitoring, training and management
combined with improved governmental policies” (Kleme�s et al.,
2012) are critical contributors to clean production of drinking
water.

Many papers have pay attention to cleaner production from
various perspectives; however, seldom is seen to consider this
aspect from human error prevention perspective. Human error
plays a significant role in contributing to drinking water contami-
nation incidents. A thorough analysis of human error in various
stages of drinking water contamination incidents could be benefi-
cial in preventing further outbreaks and ensuring cleaner drinking
water supply. Here we attempt to discover potential causes of
human errors in each stage of the gestation of drinking water
contamination incidents and explore the potential multidimen-
sional approaches for coping with human errors to improve the
resilience of drinking water systems.

The term resilience serves as a right overarching concept to
represent the idea of managing risks through prevention, reduction
and mitigation. This notion includes how individuals and organi-
zations adapt to and act on risks (Beermann, 2011). The Oxford
English Dictionary defines resilience as the capacity of returning or
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springing back. This means in a physical sense that a system or an
object can resume its initial stage or state after being displaced.
Resilience is also defined as elasticity (Blackmore and Plant, 2008),
and it has been referred to the art of managing unexpected, or how
a team or organizations becomes prepare to cope with surprises
(Attoh-Okine, 2009).

2. Methodology

The breakout of a drinkingwater contamination incidentmay be
seen as a result of accumulation of risks from unsafe factors in a
drinking water utility sector. Heinrich (1959) put forward the
famous causal chain theory to explain the occurrence of an acci-
dent, which could only occur in a moment but is a consequence of a
series of causalities of various factors that had occurred. Heinrich
conducted a survey on 75,000 industrial accidents. The survey
result showed that only 2% of these accidents cannot be prevented,
and the remaining 98% can be prevented or avoid. For that 98% of all
accidents, unsafe human actions accounted for the majority, that is,
88%, and unsafe states of materials accounted for only 10%.
Furthermore, the insecurity of materials was largely caused by
unsafe human actions. Therefore, Heinrich concluded that almost
all accidents were caused by unsafe human actions.

Unsafe human actions were considered as human errors in
Reason’s research (Reason, 2000). The famous Swiss cheese model
put forward by Reason can be understood from organization
management perspective. Organizational behavior plays a critical
role in the risk evolution of an accident. Organization management
can serve as firewalls in the risk evolution process of an accident;
however, there are different degrees of vulnerability in organiza-
tion management. The emergence of dynamic loopholes in the
barriers formed by organization management will permit accident
risks penetrating through these loopholes, especially various reg-
ulatory loopholes overlap in which risks of accidents are more
likely to evolve rapidly into real emergencies. In other words,
advanced organization management can serve as barriers to block
risk evolution, while poor organization management will serve as
booster to accelerate risk evolution. Understanding human error
from organization management perspective provides significant
opportunities for improving safety and promoting cleaner pro-
duction for drinking water utility sector.

Based on a secondary analysis of 62 drinking water incidents
occurring in affluent countries between 1974 and 2001 reported by
Hrudey and Hrudey (2004), Wu et al. (2009) found that in 78% of
the 62 water incidents, human errors were direct or indirect con-
tributors. This finding suggested “investigation of the lifecycle of
drinking water incidents” as one of the pertinent areas for future
research. That is, understanding the distribution of human errors
across the lifecycle of drinking water incidents might help identify
opportunities to reduce human errors and provide a deeper insight
into their gestation.

Wu et al. (2009) suggested that the gestation of a typical water
incident might cover 6 periods: contamination, sensing, warning,
recognition, inspection and recovery (Fig. 1). Analyzing human er-
ror in each period is helpful because the identification of common
human errors may significantly contribute to the purposeful design
of effective countermeasures. A root cause analysis may also
contribute to the early discovery and reduction of potential haz-
ards, and accordingly, reduce risks.

For risk evolution of drinking water contamination incidents,
resilience may be considered from two perspectives, that is, how to
avoid the occurrence of an incident, and how to quickly and effi-
ciently respond to the incident, to minimize losses and social im-
pacts it causes. Resilience can be enhanced by both risk reduction
activities undertaken before an incident and response activities
following the incident (McDaniels et al., 2008).

Human error cannot be eradicated completely because of its
unpredictability and uncertainty related with human behavior.
However, it is possible to reduce the probability of occurrence
and the adverse consequences when it does inevitably arise
(Reason, 2000). This can be achieved by improving the process of
drinking water risk management to “make it hard for people to
do the wrong thing and easy for people to do the right thing”
(Kohn et al., 2000), and to quickly recognize unfavorable situa-
tions within the water supply system and promote its return to
effective performance.

This paper completes the analysis of Wu et al. (2009) through
investigating 40 cases of drinking water contamination incidents
by content analysis to identify typical human errors and their dis-
tributions in each period of the evolution process, proposing
countermeasures to their root causes, and put forward strategies
from organization management perspective for building resilience
in the process management of risk evolution of drinking water
contamination incidents.

3. Material and methods

Below, using content analysis, we reinvestigate 33 cases of
drinking water incidents from Hrudey’s primary analysis (Hrudey
et al., 2003; Hrudey and Hrudey, 2004; Hrudey et al., 2006;
Hrudey and Hrudey, 2007), and examine further 7 cases collected
from other sources (Table 1).

Although we reviewed and scrutinized more than one hundred
water incidents, only these 40 cases were finally chosen for analysis
considering the typicality and influence of these outbreaks and
incidents. Moreover, although some cases are influential, but there
is insufficient official reports about the evolutive details of each
stage corresponding to the typical gestation model (Wu et al.,
2009), which will result in inaccuracy in distinguishing each
stage shown in Fig. 1. So we abandoned those cases without suffi-
cient information in terms of the evolutive details to minimize
potential author bias.

Fig. 1. A typical gestation for a drinking water incident (adapted from Wu et al. (2009)).
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